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At least two different types of proteins, NF-xB/KBFl 
and fflV-EPl/PRDn-BFl/MBP-l, which are members 
of a family of re/ oncoproteins and metal- finger pro- 
teins, respectively, bind to the human immunoden- 

iency virus type (HIV-1) enhancer. As a new member 
of a HIV-EFl family that is expressed at a high level 
in T cells, we have isolated cDNA clones of HIV-EP2 
by cross-hybridization with HIV-EPl cDNA. mV-EP2 
protein consists of 1,S33 amino acids and has a molec- 
ular weight of 211,000. HIV-EP2 protein is highly 
homologous with mV-EPl/PRDn-BFl/MBP-1 in 
three regions. These three regions contain the potential 
nuclear localization signal followed by a Ser/Thr-rich 
region, the DNA-binding domain consisting of a metal- 
Hnger structure, and a cluster of acidic amino acids. 
The DNA-binding property of inV-EP2 was similar to 
that of HIV-EPl. Northern blot analysis of HIV-EP2 
mRNA indicated relatively high expression in the T 

ell line Molt-4 and in some tumor cell lines. Further- 
more, like mV-EPl, expression of HIV-EP2 mRNA 
was greatly induced by mitogen and phorbol ester 
treatment of Jurkat T cells, suggesting that HIV-EP2 
acts in HIV production from latently infected T cells. 



The enhancer of human immunodeficiency virus type 1 
(HIV-1)^ contains two 10-bp repeats that are homologous to 
the immunoglobulin < gene enhancer (1). Similar sequences 
are also found in the enhancer of a class I major histocom- 
patibility (MHC) gene (2) and the j32-microglobulin gene (3). 
Multiple proteins that bind to this sequence were identified: 
H2TF1 foimd in many types of cells (4), NF-#cB consisting of 
a 50- and 65-kDa polypeptide (5), 48-kDa KBF-1 from mouse 
BW5147 thymoma cells (6), 51-kDa NF-*cB from Namalwa 
Burkitt lymphoma cells (7), 36-42 -kDa polypeptides from 
human BALL-1 B cells (8). 57-60-kDa EBP-1 from HeLa 
cells (9), and 86-kDa HIVEN86 found in activated human T 
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cells (10). NF-kB and KBF-1 bind with approximately equal 
affinity to the site in the MHC enhancer and to a related 
sequence in the regulatory region of genes such as jSa-micro- 
globulin, but H2TF1 binds with about 10-fold higher affinity 
to the MHC enhancer site than to the j^s-microglobulin site 
(3, 11). Differences between H2TF1 and NF-kB were also 
noted in their contacts with DNA, their inducibility, and cell 
type distribution (12). NF-kB is present in the cytoplasm in 
sequestered form that can be activated by phosphorylation of 
its inhibitor IkB (13, 14). These data indicate that these 
proteins appear to have overlapping yet distinctive functional 
properties. 

To analyze the structure and function of HIV enhancer- 
binding protein, we have isolated a cDNA clone encoding 
HIV-EPl that specifically recognizes the HIV enhancer (15). 
Recently, PRDII-BFI and MBP-1, which were isolated using 
the interferon j3 gene promoter probe and MHC enhancer 
probe, respectively, were shown to be identical to HIV-EPl 
(16, 17). This protein has a relative molecular mass of 298 
kDa, and contains two zinc fingers in the DNA-binding do- 
main which has the highest affinity for MHC and jSa-micro- 
globulin sites and 5- to 10-fold lower affinity for the HIV- 
enhancer site. The level of HIV-EPl/PRDII-BFl/MBP-1 
mRNA is very low in T cells, but it is induced by treatment 
of cells with mitogen and phorbol ester (17), suggesting that 
this protein acts in T cell activation. Recently it was demon- 
strated by cDNA cloning that the DNA-binding subunits of 
NF-<cB and KBFl were identical, and they are members of a 
family of proteins that includes rel oncoproteins and Dro- 
sophila dorsal gene product (18, 19). Therefore, two different 
types of proteins, the re/-related protein and metal-finger 
protein, can bind to the same site. 

To identify the related protein that is expressed at a high 
level in T cells, and to identify the domain structure required 
for its function by comparison with the related proteins, we 
isolated cDNA clones encoding HIV-EP2 by cross-hybridiza- 
tion with the HIV-EPl probe. We describe here the nucleotide 
sequence of overlapping cDNA clones which encodes a protein 
of 1833 amino acids. In addition to the DNA-binding domain 
containing the zinc-fmger structure, two other regions that 
contain a Ser/Thr-rich sequence and a cluster of acidic amino 
acids, respectively, are highly conserved between HrV-EP2 
and HIV-EPl/PRDII-BFl/MBP-1. A comparison of the lev- 
els of HIV-EP2 mRNA expressed in various cells indicates a 
high expression in the T cell line Molt-4 and some tumor cell 
lines. Induction of expression of HIV-EP2 mRNA by mitogen 
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and phorbol ester treatment of T cells suggests that HIV-EP2 
is also a regulatory component of T cell growth control. 

EXPERIMENTAL PROCEDURES 

Cbning and Sequencing of HIV-EP2 cDNA—Frohea used for 
screening of cDNA libraries correspond to the region of the metal- 
finger structure of HIV-EPl and were prepared as follows. Two 
oligonucleotides, which correspond to nucleotides 121-169 of the 
sense strand and nucleotides 198-150 of the antisense strand of HIV- 
EPl cDNA (nucleotide numbering system is described in Kef. 15), 
were synthesized. Both oligonucleotides have some mismatches with 
the HIV-EPl cDNA at several positions corresponding to the third 
letter of some amino acids which were not conserved between the 
metal-fmger structures of HIV-EPl and other reported proteins. Two 
oligonucleotides were annealed and the complementary sequences 
filled in using the Klenow fragment with [a-^^P]dCTP. Another probe 
was also prepared in a similar way using two oligonucleotides which 
corresponded to nucleotides 199-249 of the sense strand and nucleo- 
tides 279-230 of the antisense strand of HIV-EPl cDNA. Two oli- 
gonucleotide probes cover the whole region of metal- finger structure 
of HIV-EPl (amino acids 41-93). The 270-bp DNA fragment derived 
from HIV-EPl cDNA (nucleotides 1-270 in Ref. 15) was also used 
for screening cDNA libraries. The human cDNA libraries used in this 
work were generously provided by D. P, Dialynas (a XgtlO cDNA 
library from mRNA of the T cell Une HPB-MLT (20)) and J. E. 
Sadler (a Xgtll cDNA library from mRNA of endothelial cells from 
the umbilical vein (21)). Libraries were screened as described (22). 

Relevant DNA fragments were isolated from phage clones by 
digestion with appropriate restriction endonucleases and were cloned 
into Ml3mpl8 and pUCllS vectors. Sequence analysis was done by 
the dideoxy chain termination method with modiRcation (23, 24). 
More than 95% of the nucleotide sequence presented was confunmed 
either by sequencing the opposite strand or by sequencing the same 
strand from different initiation sites. The complete nucleotide and 
deduced amino acid sequences are available from the GenBank se- 
quence data base. 

Homology studies and other computer analyses were done with the 
UWGCG (25) and IDEAS (26) programs in a VAX/VMS computer. 

Expression of HIV'EP2 in Escherichia coli—The tocZ-HIV-EP2 
expression plasmid pAR2106-tecZ-HIV-EP2 was constructed using 
the plasmid pAR2l06/acZ (27), in which the protein coding region of 
the lacZ gene was linked to the T7 late promoter and a Shine- 
Dalgarno box, and the cDNA clone XHIV-EP2-4. To generate the 
plasmid pAR2106/acZ-HIV-EP2, the EcoRl fragment of the plasmid 
pAR2l06/acZ, which contains the COOH-terminal portion of the lacZ 
gene and the pBH322 sequence (nucleotides 1-375 in PBR322 plas- 
mid), was replaced by the 870-bp £coR] fragment of the cDNA insert 
of XHIV-EP2-4. This 870-bp £:coRI fragment encodes the 286 amino 
acids of HIV-EP2 which contains its DNA-binding domain consisting 
of two metal-finger structures. In this construct a translational ter- 
mination codon is generated immediately past the COOH terminus 
of the portion derived from HrV-EP2 (in the linker region). 

Bacteria BL21(DE3) carrying pAR2106tocZHIV-EP2 were grown 
and the expression of the fusion protein was induced by the addition 
of iaopropyl-i3-D-thiogalactopyranoaide as described before (28). The 
insoluble material containing the /acZ-HIV-EP2 fusion protein was 
prepared and solubilized by urea as described (29). The iacZ-HIV- 
EP2 fusion protein was purified using a sequence-specific DNA 
affinity column in which the synthetic HIV enhancer oligonucleotide 
was used as a Ugand. 

In Vitro Transcription and Translation— Using the cDNA inserts 
of XHIV-EP2-1 and XHIV-EP2-2. the cDNA containing a whole 
protein-coding region was constructed and cloned into the pSP65 
plasmid vector to generate pSP65HrV-EP2. This cDNA was modified 
by site-directed muta^nesis to generate the Kozak consensus nucle- 
otides required for efficient initiation (30). In vitro transcription from 
the Bi/n-dig^ted pSP65HIV-EP2 plasmid DNA template with SP6 
RNA polymerase was done as described by Melton et al (31). In vitro 
translation of this RNA using a rabbit reticulocyte lysate (Promega) 
generated the HIV-EP2 protein containing the NHa -terminal 1,469 
amino acids. 

Analysis of DNA-binding Activity—For DNase I footprinting, two 
complementary oligonucleotides corresponding to nucleotides -115 
to -70 of the HIV long terminal repeat were synthesized. After the 
5 '-end of one strand was labeled, the two strands were annealed and 
used for DNase I footprinting. This probe contains two 10-bp repeats 
that are related to the kB site. Binding of the bacterially expressed 



)3-galactosidase-HIV-EP2 fusion protein to a ^^P probe, DNase I 
digestion, and analysis of digestion products were done as described 
(29). For gel shift assays, three different DNA probes containing the 
HIV enhancer, the mouse MHC class I enhancer, or the immuno- 
globulin K gene enhancer were used. The sequences of these DNAs 
have been described (8). Rabbit reticulocyte lysate translations of 
RNA derived from Bglll digests of pSP65-HIV-EP2 were incubated 
for 30 min at 25 '0 with 1 ng of =*^P-labeled DNA probe and 1 Mg of 
poly (dl-dC) , and the reaction mixture was analyzed by electrophoresis 
as described (8). 

Northern Blot Ana/ysis— Total cellular RNA or cytoplasmic RNA 
was isolated (32), and poly(A)'*^ RNA was purified using oligo(dT)- 
cellulose or oUgotex-dTSO (Dai-ichi Kagaku, Co.) as described by the 
supplier. RNA was fractionated on 0.7% agarose gel. transferred to a 
filter, and blot hybridized as described (33, 34). Cell lines which were 
used as a source of RNA were derived from a neuroblastoma (NB-1, 
TGW-UI-nu, NB39-nu), myeloid cells (KG-1), T cells (Jurkat), a T 
cell lymphoma (Molt-4), a mesothelioma (TC8), an arrhenoblastoma 
(TC25), thyroid (TC78. TC80), lung (NMS83) colon (Colo320DM). 
vulva (A431), and breast (MCF-7). 

RESULTS 

Cloning and Characterization of HIV-EP2 cDNAs— To ob- 
tain cDNA clones encoding the HIV-EPl -related protein we 
screened cDNA libraries using the probes that corresponded 
to the DNA-binding domain of HIV-EPl comprising the 
metal-finger structure under conditions of reduced stringency. 
Two clones, XHIV-EP2-1 and XHIV-EP2-5, were isolated 
from a cDNA library prepared from the T cell line HPB- 
MLT, and four clones. XHIV-EP2-2, XHIV-EP2-3, XHIV- 
EP2-4, and XHIV-EP2-6, were isolated from a cDNA library 
prepared from umbilical vein. XHIV-EP2-6 was obtained by 
rescreening the cDNA libraries with the 1.2-kilobase £coRI- 
HindJIl fragment of XHIV-EP2-1 as a probe under stringent 
conditions. Restriction endonuclease analysis demonstrated 
an identical map in the regions overlapping in those six cDNA 
fragments (Fig. 1). 

To determine the size of the protein encoded by the full 
length HIV-EP2 cDNA, we determined the complete nucleo- 
tide sequence of a set of overlapping clones. The sequence 
revealed an open reading frame of 5,499 nucleotides. An in- 
frame termination codon was present 51 bp upstream of the 
initiator ATG codon, although the flanking nucleotides did 
not match the consensus sequence of Kozak (30) (data not 
shown). The nucleotide sequence of the open reading frame 
was translated into its corresponding 1,833-amino acid se- 
quence (Fig. 2). The molecular weight of the HIV enhancer- 
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Fig, 1. Structure of the human HIV-EP2 cDNA clones. Re- 
striction endonuclease (S, BamHI; //mdlll; X, Xbal) cleavage 
map of each cDNA clone is shown. At the bottom is a composite 
HIV-EP2 cDNA map derived from the above cDNAs. The translation 
initiation codon, termination codon, and regions I, 11, and III (see 
Fig. 3) are indicated. The probe used for obtaining XHIV.EP2-6 is 
shown as an open ban 
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Fig. 2. Amino £tcid sequence of HIV-EP2. The nucleotide se- 
quence was detennined and is. available from the GenBank data base. 
Only the 1«833 amino acids encoded by the large open reading frame 
of HIV-EP2 cDNA are shown. Two metal-finger structures are delin- 
eated by heavy underlines. The potential nuclear localization signal 
indicated by a double line is followed by the Ser/Thr-rich domain, 
which is shown with a thin underline. The cluster of acidic amino 
acids is indicated by broken underUning. 

binding protein 2 (HIV-EP2) encoded by the full length 
mRNA is 202,100. 

Comparison of the deduced amino acid sequence of HIV- 
EP2 with that of PRDII-BFl/MBP-1/HIV-EPl showed that 
the three regions I, II, and III are highly homologous between 
the two proteins (Fig. 3). Region I involves the putative 
nuclear localization sequence, Pfo-Lys-Lys-Lys-Arg-Leu-Arg, 
that is very similar to that in SV40 large T antigen, followed 
by the Ser/Thr-rich region. Region II corresponds to the 
DNA-binding domain consisting of two metal-finger struc- 
tures. The structure of the first metal finger is completely 
conserved, but 3 amino acids in the second metal finger are 
different between the two proteins. Region III, which is im- 
mediately downstream from the metal-finger domain, con- 
tains the acidic amino acid-rich domain. In this region of 
HIV-EPl and HIV-EP2, 15, and 16 residues are acidic amino 
acids, respectively. 



Specificity of Binding to DNA—Fot the analysis of DNA- 
binding activity of HIV-EP2, the /acZ-HIV-EP2 fusion gene 
was inserted into a T7 expression vector. The /acZ-HIV-EP2 
fusion protein encoded by this gene contained the first 1,008 
amino acid residues of /S-galactosidase fiised to the 286 amino 
acid residues derived from the HIV-EP2 cDNA that contained 
the metal-finger domain of HIV-EP2. Fig. 4A shows the 
proteins in crude bacterial extracts. Large amounts of lacZ- 
HIV-EP2 protein were produced and accumulated within the 
cells. The identity of this protein was checked by Western 
blot analysis using the antibody against ^-galactosidase and 
analysis of the amino acid composition (data not shown). This 
fusion protein was purified using the sequence-specific affin- 
ity column in which the HIV-enhancer sequence was used as 
a ligand. To examine whether HIV-EP2 binds directly to the 
HIV-1 enhancer, we used the purified iocZ-HIV-EP2 fusion 
protein for DNase I footprint experiments. The fusion protein 
gave two 10-nucleotide protected areas in the region of the 
HIV-1 enhancer in both strands (Fig. 4B). On the other hand, 
the iocZ-HIV-EPl fusion protein gave two 7-nucleotide pro- 
tections in the same DNA region (15). This difference may 
result from the DNA-binding property of two proteins or from 
the size of two fusion proteins. 

MBP-1 was demonstrated to have the highest affinity for 
the MHC and ft-microglobulin sites and approximately 5- to 
10-fold lower affinity for the related /c-immunoglobulin and 
HIV-enhancer sites (17). To examine whether HIV-EP2 binds 
to these related k sites with an affinity similar to MBP-1/ 
HIV-EPl, gel mobility shift assays were done using the in 
vitro translated HIV-EP2. The 1,469-amino acid protein con- 
taining the HIV-EP2 metal-finger domain was synthesized by 
an in vitro translation system. This protein bound to the ^^P- 
labeled MHC-enhancer probe and generated protein-DNA 
complexes (Fig. 5, Umes 1 and 10). By using cold DNA 
competitors containing sites from the MHC, ic-immunoglob- 
ulin, and HIV enhancer, competition analysis was done. Ad- 
dition of a 20-fold molar excess of the MHC competitor 
oligonucleotide completely abolished the complex formed with 
the MHC probe, but the ^-immunoglobulin and HIV-enhancer 
oligonucleotides competed for binding less well than the MHC 
oligonucleotide (Fig. 5, lanes 3-9). Thus, HIV-EP2 binds to 
the MHC site more tightly than to the HIV enhancer, indi- 
cating that the relative binding affinity of HIV-EP2 to the 
related kQ sites is very similar to that of MBP-l/HIV-EPl. 

Expression of HIV-EP2 mRNA— To study the expression 
of HIV-EP2 mRNA, poly(A)'' RNAs were prepared from 
various cell lines and Northern blotting was done (Fig. 6A). 
After hybridization with the HIV-EP2 probe under stringent 
conditions, only a single RNA species was detected, with an 
estimated size of about 9.5 kilobases. The level of HIV-EP2 
mRNA was variable in the cell types analyzed, and relatively 
high levels of HIV-EP2 mRNA were detected in a T cell 
l3rmphoma (Molt-4), and carcinoma from the thyroid (TC78), 
vulva (A431), and colon (Colo320DM). This cell-type speci- 
ficity of HIV-EP2 expression is similar to that of HIV-EPl 
(data not shown). Recently, expression of MBP-1 was dem- 
onstrated to be inducible by mitogen and phorbol ester treat- 
ment of Jurkat T cells (17). Tlierefore. we examined the 
effects of this treatment on HIV-EP2 expression. RNA iso- 
lated from Jurkat cells 6 h after phytohemag^lutinin (PHA) 
and phorbol ester 4jS-phorbol 12-myristate 13-acetate (PMA) 
co-stimulation was analyzed in parallel with RNA firom un- 
stimulated Jurkat cells. Hybridization with the XHIV-EP2-4 
cDNA probe indicated a marked increase in levels of HIV- 
EP2 RNA following stimulation (Fig, 6S, upper panel). The 
level of iS-actin mRNA was not markedly changed by PHA 
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